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The study area of Gabal El Sela at Halaib environ is located at about 20 km west of Abu
Ramad City, Egypt. An uraniferous ore material associated with REE was subjected to
sulphuric acid leaching for the extraction of uranium mainly and REEs as a by-product.
93.9% of U and 60% of REEs content were leached using 0.5 mm ground ore with 100 g/l
sulfuric acid, acid/ore ratio of 2.0 and agitate for 6 h at 40 C. After uranium extraction,
effluent solutions containing 135 ppm rare earths were treated with 30% ammonium hy-
droxide to pH of 9.3 to enhance the rare earth elements concentration. The precipitated
cake was filtered then dried at 110 C. The dried cake containing 16.2% rare earth elements
was dissolved by hydrochloric acid at pH 1.0. The rare earths precipitated cakes of 36.9, 45.7
and 48.7% REEs were recovered successfully from the chloride leach liquor of 900 ppm rare
earths by using 5% v/v from 50% HF, 6% wt/v oxalic acid and 4.8% wt/v oxalic acid to
chloride solution with heating for one hour which respectively. 73.5% REEs precipitated
cake was achieved by double precipitation, firstly by hydrofluoric acid followed by oxalic
acid precipitation.
Copyright © 2015, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the extreme south eastern part of Egypt namely; Halaib
environ, a new uraniummineralization of Gabal Sela has been
lately discovered (Abd Elaal, 2006). It is worthy tomention that
all these mineralizations are hosted within the Pre-Cambrian
Basement Complex rocks (Assaf, Ibrahim, Ammar, Shalaby, &
Rashed, 1999). The study area of Sela shear zone at Halaib
environ is located at about 20 kmwest of Abu RamadCity. This
discovery adds to the economic importance of this region
(Ibrahim, Zalata, Assaf, Ibrahim,& Rashed, 2003) as it was very
famous for its Mn-oxide ore of Gabal Elba (MneW),minerals of. Eliwa).
gyptian Society of Radiat
iety of Radiation Sciences
icense (http://creativecomGabal Qash Amir and lately the newly discovered U- REE
mineralization of Gabal El Sela (Abu Khoziem, 2006).
Sela shear zone is mainly composed of sheared fine-
grained two-mica granites with muscovite growth at the
expense of biotite precursor. Microscopically, they are essen-
tially composed of quartz, potash-feldspar, plagioclase,
muscovite and biotite. Secondary minerals are sericite,
kaolinite and chlorite. Opaques and garnet are the accessory
minerals. It is interesting to mention herein that shear zone is
characterized by sulphides pockets completely filled by
alteration products of iron-oxy hydroxides material and
sometimes refilled by secondary uranium minerals. Urano-
phane and beta-uranophane are the main uranium mineralsion Sciences and Applications.
andApplications. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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is observed in shear zone. Secondary uraniumminerals occur
either disseminated or as cavity filling (Ibrahim et al., 2003).
Other minerals observed that may be of economic impor-
tance are: thorite, monazite, apatite, rutile, columbite, fluorite
and samarskite along with the common accessories such as
ilmenite, hematite, sphalerite, pyrite, epidote, garnet and
jarosite (Ibrahim et al., 2005).
Ibrahim et al. have performed a preliminary study to
recover U from the study area through applying acid agitation
leaching technique using sulfuric acid, then the uranium was
removed from the pregnant leach liquor by Amberlite IRA e
400 anion exchange resin. This study proved the amenability
of dissolving U efficiently when using conventional leaching
methods. The leachability and extractability of both uranium
and REEs using different practices were studied to achieve the
optimum conditions of their recovery from Sela ore material
(Abd Elaal, 2006).
Uraniumwas recovered from the sulfate leaching solutions
of Sela mineralization in a pilot scale using Amberlite IR-A400
paked in fixed columnswith flow rate of 2.3 l/min (Khawassek,
2014). Mirjali et al. have improved a process for uranium re-
covery from leached pulps of low grade ore using the resin-in-
pulp method through using pachuca column (Mirjial &
Roshani, 2007). Uranium was recovered from Sela leach pulps
using Resin-in-pulp technique (Eliwa, 2014). Finally, Salman
et al. have successfully recovered REEs from El-Sela solid res-
idue after conventional leaching operations with sulfuric acid
(Salman, Sharaby, Elnagar, Khawassek & Abdo, 2015).
Precipitation of rare earth elements using oxalic acid has
been developed at Ames Laboratory (El-Awady, 2013). This
method considered a better method to produce rare earth ox-
alate precipitate free from the undesired sulfate and phosphate
ions as well as separating from the majority of accompanying
and troublesome elements as iron, aluminum, nickel, chro-
mium, manganese, zirconium, hafnium, uranium, Zinc and
copper. One of the largest expenses involved in oxalate pre-
cipitation process is the cost of oxalic acid, and any means of
recovering this acid would result in substantial savings (Gupta
& Krishnamurthy, 2005). Large amount of iron tend to inhibit
precipitation of the rare earth element and should be removed
by either extraction or the rare earths should be separated by
fluoride precipitation (Woyski & Harris, 1963a, 1963b).
The aim of this study is the recovery of the dissolved REEs
portion after conventional leaching experiments using sulfu-
ric acid which achieve the goal of dissolving most of uranium
and REEs constituents with minimum dissolving ofTable 1 e The studied factors affecting on El Sela leaching ore.
Factor Variable values
H2SO4
conc. (g/l)
1 e H2SO4 conc. (g/l) 50, 75, 100, 150, 200, 300 Varied
2 e Agitation time, (h) 1, 2, 4, 6, 8, 100
3 e Ore grain(size, mm) 0.1, 0.25, 0.5, 1, 2
4 e Acid/Ore ratio 2, 3, 4, 5, 6
5 e Temperature (C) 25, 40, 60, 80
6 e H2O2 (ml/10 g ore) 0.5, 1, 1.5undesirable gangues. The raffinate after uranium extraction
was treated with alkali followed by HCl acid leaching. Finally,
the recovery of REE from the chloride filtrate by direct pre-
cipitation using fluoride, oxalic and double precipitation
would be carried out.2. Experimental
2.1. Leaching factors
The experimental work was performed upon a representative
sample from Sela mineralization contains 0.042% uranium
and 0.045% REEs. Sulphuric acid leachingwas performed upon
the sample using acid concentrations varied from 50 to
200 g H2SO4/l, agitation time varied from 0.5 to 8 h, ore particle
size from 0.1 mm to 2 mm, different leach acid/ore (A/O)
ratio from 2 to 5 were studied, leaching temperatures from
ambient to 80 C and finally oxidant addition from 50%H2O2 in
the range 1e5 ml per 50 g ore Table 1.
UO2
2þ þ 3H2SO4/ UO2 (SO4)3
2REE3þ þ 3H2SO4/ REE2 (SO4)3
2.2. Uranium recovery
Uraniumwas firstly separated from the pregnant leach liquors
using Amberlite IRAe400 anion exchange resin at flow rate of
1.5 ml/min after pH adjustment at 1.8 by 10% sodium hy-
droxide solution. The loaded resin was subjected to elution
process followed by precipitation to the uranium content (El-
Didamony, Sheta, Khawasek, & Eliwa, 2013).
2.3. REEs upgrading and precipitation from effluent
solutions
The effluent solution, containing rare earth elements, was
then subjected to rare earths precipitation study using 10%
sodium hydroxide in the pH range of 3.3e8.3 and with 35%
NH4OH in the pH range of 3.3e9.3.
The ammonium hydroxide was used to upgrade rare earth
elements concentration facilitate the REEs recovery. So, a
massive sample of El-Sela mineralization weighing about
250 kg was treated in a pilot plant unit to prepare the neededFixed conditions
Time
(h)
Size
(mesh)
Ratio
(A/O)
Temp
(C)
H2O2
(ml)
4 60 3 25 Zero
Varied
6 Varied
Varied
2 Varied
Varied
Fig. 1 e Sulfuric acid conc. effect.
Fig. 2 e Agitation time effect.
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dissolved portion with uranium. After extraction of uranium
in a pilot plant unit, the sulphate effluent solutions were
subjected to complete precipitation for the total REEs con-
stituents at pH 9.3 using ammonium hydroxides followed by
washing and drying and characterization steps.
2.4. REEs direct precipitation using different acids
The hydroxide cake was dissolved as chloride liqueur using
hydrochloric acid at pH 1.0. Recovery of rare earths using
direct precipitation with hydrofluoric (Lee & Byrne, 1993) and
oxalic acids (Woyski&Harris, 1963a, 1963b) were studied upon
REEs chloride liqueur. The experiments were conducted using
50 ml of the acid solution assaying (900 ppm) REEs, where in
case HF (portions of 1e5% v/v from 50% HF were tested with
1% increment between each experiment), in case oxalic (por-
tions of 1.2e7.2% wt/v from oxalic were tested with 5 ml
increment between each experiments) and in case oxalic with
heating at 90 C (portions of 1.2e4.8% wt/v from oxalic were
tested with 1.2% increment between each experiments).
The three precipitated cakes were decanted, filtered,
washed, then dried at 110 C finally analyzed using inductively
coupled plasma optical emission spectrometer. The oxalate
precipitation was ignited at 650 C to remove oxalate organics
and analyzed using ICP-OES.
2.5. REEs fluoride-oxalic double precipitation
The rare earths fluoride cake was subjected to another pre-
cipitation step using oxalic acid after dissolving the fluoride
cake in HCL media. Complete precipitation was achieved by
adjusting the pH at 1.6 by adding 5% oxalic acid to the chloride
solution of pH 5 containing 4050 ppm. The finally rare earths
oxalate cakewaswashedwithwater then ignited at 650 C and
analyzed using ICPeOES.
2.6. Instrumentation
1 Generally, the samples used in this work were weighed
using an analytical balance produced by Shimadzu (AY
220), having a maximum sensitivity of 104 g and an ac-
curacy of ±0.01%.
2 The hydrogen ion concentration of the different solutions
was measured using the pH-meter used was HAANA pH-
mV-temp, provided with H11270 combination electrode
and thermometer sensor made from stainless steel.
3 The agitation leaching for a gross sample of El-Sela ore was
subjected to uranium leaching at Inchass pilot unit using
suitable conditions.
4 The precipitation experiments for the REEswere conducted
using 250 ml Teflon beaker and the agitation was per-
formed using hot plate magnetic stirrer WISESTIR Lab.
Instruments.
5 The samples were analyzed by conventional wet chemical
techniques (Shapiro and Brannock, 1962, Marczenko, 1986),
for major elements. The SiO2, Al2O3, TiO2and P2O5 were
determined using a spectrophotometric methods. The
contents of Na and K were determined by a flame photo-
metric technique. Total Fe as Fe2O3, MgO and CaO weredetermined by titration methods. The loss on ignition
(L.O.I) was determined gravimetrically. The estimated error
for major constituents is not more than ±1%.
6 Total REE was determined by arsenazo III where the
absorbance of its complex was measured at the wave-
length 650 nm(9) by using UV-spectrophotometer “single
beam multi-cells-positions model SP-8001, Metretech Inc.,
version 1.02”, with glass cell of 10 mm length.
7 (Prodigy Axial high dispersion ICP-OES e USA) inductively
Coupled Plasma Optical Emission Spectrometer used for
determination individual REE,
8 An atomic absorptionmodel G.B.C.A.A (using a PHILIPS PW
3710/31 diffractometer with automatic sample changer PW
1775, 21 position, scintillation counter, Cu-target tube and
Ni filter.), was used for measuring trace elements.
9 Uranium was determined by titration against ammonium
metavanadate (Eberle, Lerner, Cold beck & Rodden, 1964).3. Results and discussion
3.1. Leaching results
El-Sela ore samples containing 0.042%U and 0.045% REE was
laboratory subjected to uranium and REE leaching using the
variable conditions to verify the coditions which achieve high
uranium and associated REE leaching efficiency (11). The suit-
able conditions that verify both economic advantages and
higher leaching of uranium and REEs as showed in Figs. 1e6
were mixing the ground ore to 0.5 mm with 100 g/l sulfuric
acid at acid/ore ratio of 2.0 for 6 h at 40 C.
Fig. 3 e Ore particle size effect.
Fig. 5 e Temperature effect.
Fig. 6 e H2O2 addition effect.
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leaching step of both U and REEs from El-Sela ore. Under these
conditions and with regarding to the addition of concentrated
acid directly to the slurry, leaching efficiency of both uranium
and rare earth elements were 93.9% and 60% respectively. The
undissolved REEs presented in solid residue were successfully
subjected to other chemical treatments in order to be extrac-
ted (Salman et al., 2015).
3.2. Uranium recovery
Uraniumwas separated from the pregnant leach liquors using
Amberlite IRAe400 anion exchange resin at flow rate of 1.5ml/
min after adjustment the pH at 1.8 by 10% sodium hydroxide
solution. 1M Sodiumchloride dissolved in 1MH2SO4was used
as eluent. Finally, the yellow cake was produced by hydrogen
peroxide addition to the eluent of pH of 2.3 to decrease the pH
at 2.0.
UO2SO4 þ H2O2 þ 2H2O/ UO4$2H2O þ H2SO4
3.3. REEs characterization and upgrading by alkali
precipitation
The REEs in the effluent solution was subjected to analysis by
inductively coupled plasma optical emission spectrometer
(ICP-OES), the results were represented in Table 2. The effluentFig. 4 e Acid/ore ratio effect.solution with 135 ppm REEs content was subjected to different
precipitation methods using 10% NaOH and 33% NH4OH for
separation and precipitation of REEs from other elements.
The precipitation step aimed to upgrade rare earth ele-
ments concentration from the effluent solution, where com-
plete rare earth elements precipitation was achieved at pH 8.3
& 9.3 for both sodium and ammonium hydroxide respectively
(Figs. 7 and 8). From ICP analysis to the produced hydroxide
precipitates, REEs concentration reached to about
13.9&16.19% by using soda and ammonia respectivelyTable 2 e (ICP-OES) analysis for REEs in effluent solution
after uranium recovery.
Element Concentration,
ppm
Element Concentration,
ppm
Sc 8.00 Gd 6.35
Y 11.00 Tb 3.3
La 14.52 Dy 3.56
Ce 25.74 Ho 4.4
Pr 8.84 Er 15.7
Nd 11.52 Yb 2.95
Sm 9.34 Lu 2.6
Eu 6.25 Total 135
Table 3 e (ICP-OES) analysis for rare earths precipitated
by sodium and ammonium hydroxides.
Element REEs conc. in sodium
precipitate, %
REEs conc. in ammon.
precipitate, %
Sc 0.10 0.17
Y 1.73 1.75
La 1.8 2.08
Ce 4.87 8.12
Pr 1.13 1.59
Nd 1.66 1.22
Sm 0.56 0.34
Eu 0.2 0.12
Gd 0.47 0.27
Tb 0.18 0.30
Dy 0.21 0.09
Ho 0.05 0.09
Er 0.81 0.93
Yb 0.05 0.05
Lu 0.01 0.01
Total 13.7 16.12
Fig. 8 e REEs precipitation efficiency from effluent solution
by NH4OH.
Fig. 9 e REEs precipitation efficiency from chloride solution
by HF.
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precipitate rare earths from the effluent solution.
REE2 (SO4)3þ XOH/ REE(OH)3þ X2SO4Where X¼Naþ or NH4þ
3.4. REEs direct precipitation results
The REEs precipitation results for 900ppm chloride solution
(after dissolving the hydroxide precipitate in HCL at pH ¼ 1)
revealed that, complete precipitation of rare earths was ach-
ieved by using 5% v/v from 50% HF to chloride solution or 6%
wt/v oxalic acid to chloride solution at room temperature and
or 4.8% wt/v oxalic acid to chloride solution with heating for
one hour (Fig. 9e11).
2REE3þ þ 3(C2O4)2/ REE2 (C2O4)3
REE3þ þ 3F/ REE F3
From the ICP analysis to the three cakes, the precipitation
using oxalic give a cake having 36.9% REE on cold and 45.68%Fig. 7 e REEs precipitation efficiency from effluent solution
by NaOH.on hot. However, the fluoride precipitate was achieved about
48.7%. Accordingly, the fluoride cake was preferred than ox-
alate cake (Table 4).
3.5. REEs fluoride-oxalic double precipitation results
The rare earth fluoride precipitate was subjected to further
precipitation using oxalic acid after dissolving by HCL media
and adjusting the pH at 5 to having a chloride solution of
4050 ppm REEs. 99% precipitation efficiency was achieved by
adding 5% oxalic acid at a final pH of 1.6 and produce a cake
has 73.45% REEs concentration (Table 4). Finally, the preferredFig. 10 e REEs precipitation efficiency.
Fig. 11 e REEs precipitation efficiency by oxalic acid by
oxalic acid with heating.
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fluoric acid followed by dissolution by hydrofluoric acid then
finally precipitated as oxalate.Fig. 12 e A flow sheet diagram for the recovery of REEs
from the El-Sela effluent solutions.4. Conclusion
El Sela ore was considered mainly as an uraniferous
mineralization containing about 0.042% uranium and 0.045%
REEs. Conventional sulphuric acid leaching was performed
on the ore to achieve 93.9% U and 60% REEs leaching effi-
ciency by using the suitable conditions of mixing the ground
ore of 0.5 mm with 100 g/l sulfuric acid at acid/ore ratio of
2.0 for 6 h at 40 C. This dissolved portion of REEs could be
recovered as a by-product from the effluent solutions after
separating uranium by ion exchange resin namely Amberlite
IRAe400.
The effluent solution containing 135 ppm REEs was sub-
jected to REEs complete precipitation in order to upgrade rare
earth elements concentration by using 10% sodium hydroxide
at pH 8.3 and by using 35% NH4OH at pH 9.3 to yield 13.9 and
16.19% rare earths by using soda and ammonia respectively.Table 4 e (ICP-OES) analysis for fluoride, oxalic, oxalic on hot
Element Fluoride cake
conc., %
Oxalic cake
conc., %
Sc 0.38 0.23
Y 4.64 2.78
La 6.98 4.83
Ce 16.64 12.79
Pr 3.57 3.00
Nd 5.99 4.73
Sm 1.44 1.51
Eu 0.19 0.29
Gd 1.34 1.24
Tb 0.38 0.51
Dy 0.96 0.55
Ho 0.19 0.05
Er 5.73 4.36
Yb 0.22 0.13
Lu 0.07 0.03
Total 48.68 36.91Thus ammonium hydroxide was used to upgrade rare earth
elements concentration from the effluent solution.
Re-precipitation for the rare earth elements using hydro-
fluoric and oxalic were performed after dissolution of the
hydroxide cake in hydrochloric acid media at pH 1.0 and
forming a chloride solution having 900 ppm REEs. REEs com-
plete precipitation was achieved by using 5% v/v from 50% HF
to chloride solution, by using 6% wt/v oxalic acid to chloride
solution at room temperature and by using 4.8% wt/v oxalic
acid to chloride solution with heating for one hour. This pro-
duced cakes contains 36.9, 45.68 and 48.7% respectively.
The rare earth fluoride precipitate was subjected to further
precipitation using oxalic acid after the dissolving the fluoride
precipitate in HCL media. The final produced cake containsand fluoride-oxalic double precipitate cakes.
Oxalic on hot cake
conc., %
Fluoride-oxalic cake
conc., %
0.22 0.49
4.36 5.88
5.53 7.78
14.29 30.30
3.49 5.81
5.59 6.83
1.89 1.45
0.29 0.30
1.54 1.71
0.49 1.81
0.80 1.34
0.02 1.39
6.77 8.06
0.34 0.22
0.07 0.09
45.68 73.45
J o u rn a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 5 8 3e5 8 9 589more than 73.45% REEs by double precipitation, firstly by hy-
drofluoric acid followed by oxalic acid precipitation.
Finally, a flow sheet diagram for the recovery of the REEs
from the effluent solutions of El-Sela mineralization was
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